Long-term aircraft noise exposure may cast a detrimental effect upon the working memory of military pilots, and the brain structural and functional bases of noise related cognitive impairment remains unclear. In this study, we enrolled 30 fighter jet pilots and 30 matched controls. The working memory performance of the subjects was measured with a neurobehavioral test battery including immediate verbal/visual memory and delayed verbal/ visual memory tests. Structural MRI and resting-state functional magnetic resonance imaging (rs-fMRI) were utilized to quantify brain grey matter volumes (GMV), regional homogeneity (ReHo), amplitude of low-frequency fluctuation (ALFF) and fractional ALFF (fALFF) differences between the two groups. Furthermore, correlation analyses were performed to find the association between the neural imaging changes with individual neurobehavioral performance. The military pilots showed significantly lower accuracy in delayed verbal and visual memory tests in comparison to the controls, indicating a potential working memory deficit in this population. Structural MRI data and rs-fMRI data showed that the pilots displayed markedly decreased GMVs, ReHo and ALFF signals in the left hippocampus, suggesting neuron dysfunction of the hippocampus. Besides, ReHo and ALFF/fALFF analysis also revealed reduced ReHo in the left amygdala, left thalamus, left superior temporal gyrus and right superior/middle frontal gyrus, indicating disrupted local neural activity under chronic noise exposure. Furthermore, Spearman correlation analysis proved that the GMV and ReHo of left hippocampus were significantly associated with working memory accuracy. This study provided direct evidence of dysfunctional hippocampus serving as the structural and functional bases for neuropsychological impairment under aircraft noise exposure.
Introduction
The detrimental effects of aircraft noise on cognitive function and working memory are well documented (1) . For instance, previous studies reported that aircraft noise may impair cognitive function of schoolchildren around airports, including recognition memory, attention and reading comprehension (2) . Another study reported that nocturnal aircraft noise exposure induces significant delayed significant, linear impairments in reaction times (3) . Compared with residents near airports, military pilots encounter more excessive aircraft noise while on duty. Noise levels generated by aircraft vary according to phase of flight as well as environmental factors, and ambient noise in the cockpit can reach as high as 80-120 dB along the flight. Previous studies have proved that ambient aircraft noise exposure injured hearing acuity of pilots and leads to hearing loss (4) . Compared to the studies about hearing acuity, there are fewer studies on the cognitive and memory impairments associated with aircraft noise in the military pilot population.
Studies demonstrated that noise can lead to structural damages to the cochlea and hyperactivity in the central auditory pathway, including cochlear nucleus, inferior colliculus and auditory cortex at its traumatic levels (5) . Besides, noise also triggers nonclassical auditory-responsive brain areas (e.g. the lateral amygdala and striatum) and directly activates the emotion/fear system of the brain via the thalamus. In this way, noise can activate defense responses leading to activation of the hypothalamic-pituitaryadrenal (HPA) axis (6) . Long-lasting activation of the HPA axis can lead to disturbed hormonal balance as well as morphometric and functional alteration of brain, which may be the potential mechanism of noise induced cognitive impairment (7) . In a recent study in mice, chronic noise exposure adversely influenced the animals' behavior and brain structure. The noise stress caused HPA-axis hyperactivity, a reduction of size in the hippocampus, medial prefrontal cortex (mPFC), and amygdala, a reduced neuronal density in the mPFC and dentate gyrus (DG), and lower performance in all cognitive and motor tasks (8) . Similarly, another study in mice revealed that noise may alter the longterm potentiation (LTP) and place cell activity in the hippocampus, and thus lead to spatial memory impairment (9) . However, although a series of animal studies declared the brain morphometric with functional alteration under noise exposure, there's still a lack of direct human evidence of brain structural and functional bases of cognitive impairment.
In order to solve this problem, we focus on the military pilot population and try to reveal structural and functional alteration of the human brain under excessive aircraft noise exposure. Neuroimaging techniques, including anatomical T1-weighted MRI and restingstate functional MRI (rs-fMRI), allow us to accomplish this purpose. Anatomical T1-weighted MRI was routinely used for voxel-based morphology (VBM) to explore possible changes in grey matter volume (GMV); in turn, regional homogeneity (ReHo) analysis based on rs-fMRI can reflect the intrinsic functional organization and the endogenous neurophysiological process of the human brain, providing pertinent information on core mechanisms of neuropsychological disorders (10) . We hypothesized that modified GMV and ReHo in certain brain regions will be revealed in comparison to those of the control population and these brain regions with differences may be associated with the working memory function of the subjects. To our knowledge, this is the first neuroimaging study comprehensively clarifing the potential cognitive and neuroimaging status in military pilots, which will help to elucidate the core mechanism of neuropsychological impairment under chronic aircraft noise exposure.
Materials and Methods

Subjects
30 male subjects in exposure group were randomly extracted from the 105 fighter jet pilots aged between [30] [31] [32] [33] [34] [35] in an air force base in Gansu, China, while 30 male subjects in the control group were enrolled from the 429 military officers in an air force hospital in Gansu. All subjects in the two groups were matched by age, working life and education status. Excluded from the study were subjects who had a history of smoking and alcohol drinking, family history of neuropsychological diseases and exposure to audiological risk factors outside work (noise trauma, bomb, mine or other explosions, and use of firearms). For pilots in the exposure group, a Class-1 sound level meter (Brüel & Kjaer, Denmark) was used to measure the equivalent continuous noise level in the cockpit of the fighter jet during the latest fight. The flight hours from the start of the pilot's working life were calculated by means of a questionnaire and a check on personal archives.
The protocol of this study was approved by the Ethics Committee of the Medical Faculty of Second Hospital of Lanzhou University (registry no. 2017A-074) and all study elements were conducted in accordance with ethical principles for medical research involving human subjects as defined in the Declaration of Helsinki. All subjects were fully aware of the study procedures and signed informed consent forms (ICFs).
Working memory tests
A neuropsychological test battery consisting of four computerized tests, were employed to assess the immediate verbal memory (IVBM), immediate visual memory (IVIM), delayed verbal memory (DVBM) and delayed visual memory (DVIM) of the subjects. All the verbal/visual memory tests were performed in the system of CNS Vital Signs (http://www.cnsvs.com/) (11,12).
MRI image acquisition
MRI were acquired using the General Electric Discovery MR750 3.0T systems (General Electric Co. Ltd., Connecticut, USA) in the Second Hospital of Lanzhou University. Standard T1-weighted 3D anatomical data were acquired using the 3D magnetization-prepared rapid gradient echo (3D MPRAGE) sequence (repetition time: 2530 ms; echo time: 3.5 ms; flip angle: 7°; field of view: 256 mm × 256 mm; matrix: 256 × 256; slice thickness: 1 mm; section gap: 0 mm; number of slices: 192, voxel size = 1 × 1 × 1 mm 3 ).
Rs-fMRI data were acquired with echo planar imaging (EPI) sequence (repetition time: 2000 ms; mum cluster size of 65 voxels).
Voxel-based comparison of ReHo were conducted in Resting State fMRI Data Analysis Toolkit (REST) Version 2.0 (http://restfmri.net/forum/REST_V2.0). Computation of ReHo at resting state was performed as previously described. Briefly, Kendall's coefficient of concordance (KCC) for each voxel in the brain was calculated voxel-wise by applying a cluster size of 26 voxels. For standardization purposes, each individual ReHo map was divided by that subject's global mean brain KCC value to minimize inter-individual variability for statistical analysis within the whole-brain mask. Results are shown at p < 0.05 using AlphaSim correction (with a combination of a threshold of p < 0.01 and a mini-mum cluster size of 65 voxels) (18, 19) .
Using the preprocessed images, very low-frequency drift and high-frequency noise was first filtered (bandpass, 0.01~0.08Hz), then amplitude of low-frequency fluctuation (ALFF) were built according to standard procedures established by previous research (20) . The filtered time series was transformed to the frequency domain using the fast Fourier transform (FFT) and the power spectrum was then obtained. The square root was calculated at each frequency of the power spectrum and taken as the ALFF. Furthermore, in order to eliminate physiological signals, fractional ALFF (fALFF) was also performed (21) . Similar to ALFF, the square root was calculated at each frequency of the power spectrum. The sum of amplitude across 0.01-0.08 Hz was divided by that across the entire frequency range, i.e., 0-0.25 Hz. Both the subject-level ALFF and fALFF were converted into a z-score map by subtracting the mean ALFF of the whole brain and dividing by the standard deviation (22, 23) . Results are shown at p < 0.05 using AlphaSim correction (with a combination of a threshold of p < 0.01 and a mini-mum cluster size of 65 voxels) (18, 19 ).
Statistical analysis
Student t test was applied to assess differences of demographic and neurobehavioral parameters between the two groups. Spearman correlation coefficients were separately computed to examine correlations between GMV/ReHo and neuropsychological parameters. All statistical analyses were performed with R 3.1.3 (https://www.r-project.org). p < 0.05 was considered statistically significant.
Results
Demographic information and noise exposure level
Demographic information of the military pilots in the exposure group and controls are listed in Table 1 . There were no significant difference between age, work lives and education status of the two groups. The flight hours echo time: 30 ms; flip angle: 90°; field of view: 220 mm × 220 mm; acquisition/reconstruction matrix: 128 × 128; slice thickness: 4 mm; section gap: 0.6 mm; number of slices: 30, scam time: 6min; voxel size = 3 × 3 × 3 mm 3 ) covering the entire brain. A custom-built head coil cushion and earplugs were used to minimize head motion and dampen scanner noise. During data acquisition, subjects were asked to remain alert with eyes closed and keep their head still.
Structural MRI analysis
Structural MRI data was analyzed by voxel-based morphometry (VBM) in Statistical Parametric Mapping software (SPM8, Wellcome Department of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/ spm/) in MATLAB R2014a (MathWorks Inc., Natick, MA, USA) (13) . Data processing steps were performed according to Ashburner. We applied Diffeomorphic Anatomical Registration through Exponentiated Lie Algebra (DARTEL), which is implemented as a toolbox for SPM8 and enables the creation of a set of group-specific templates. Its performance on nonlinear registration algorithms is better than that of other similar toolboxes. Brain images were segmented, normalized and modulated by using these templates. Registered images were then transformed to Montreal Neurological Institute (MNI) space, and finally, the normalized and modulated images were smoothed with a 6 mm full-width at half-maximum (FWHM) Gaussian kernel (14, 15 ).
Rs-fMRI preprocessing and analysis
Rs-fMRI data pre-processing was then performed using the SPM8 and Data Processing Assistant for Restingstate fMRI Advanced (DPARSFA) tools. Prior to preprocessing, the first 10 volumes were discarded to reach a steady-state magnetization and allow participants to adapt to the scanning noise. For each subject, fMRI data were first adjusted for slice timing and headmotion (exclusion criteria: N 2.5 mm translation and/ or N3.0° rotation). Then, the standard MNI template provided by SPM was further used for normalization with resampling to 3 mm × 3 mm × 3 mm voxels and spatially smoothed using a 4 mm × 4 mm × 4 mm full with a half-maximum Gaussian kernel. Next, a band-pass filter of 0.01 to 0.08 Hz was applied to the data in temporal frequency space to minimize lowfrequency signal drift and high frequency variations due to cardiac and respiratory effects. In nuisance covariates regression, we selected the 6 head motion parameters, white matter signal, global mean signal, and cerebrospinal fluid signal as nuisance variables and regressed them out (16, 17) . The results are shown at p < 0.05 using false discovery rate (FDR) correction (with a combination of a threshold of p < 0.001 and a mini-of the pilots in the exposure group were 840-1520 h, while the average equivalent continuous noise level in the cockpit was 108.6 ± 2.4 dB.
Working memory measurements
The results of the working memory tests are displayed in Table 2 . There was no significant difference between the exposure and control group for the numbers of correct responses in IVBM and IVIM tests (p = 0.668 & 0.389, respectively). However, the numbers of correct responses in DVBM and DVIM tests were significantly less in the exposure group compared to control group (p = 0.034 & 0.005, respectively).
VBM analysis of GMV changes
Structural imaging analysis using VBM revealed brain structural differences between exposure and control group. Exposure group was observed to have less GMV in the left hippocampus, right middle frontal gyrus and right inferior parietal lobule compared with control group (t-test, |t|> 3.02, p < 0.002, p < 0.05 FDR corrected). What's more, exposure group was also found to have more GMV in the left caudate body. See details in Figure 1 and Table 3 .
ReHo analysis of rs-fMRI data
Functional imaging analysis based on rs-fMRI was performed to investigate the ReHo differences between the two groups. Compared to control group, exposure group showed significantly lower ReHo values in the left amygdala, left hippocampus, left thalamus and right middle/superior frontal gyrus (t-test, |t|> 2.70, p < 0.01, AlphaSim corrected). In the meantime, exposure group showed higher ReHo values in the left cingulate and the right inferior temporal gyrus, compared to the control group. See details in Figure 2 and Table 4 .
ALFF/fALFF analysis of rs-fMRI data
Furthermore, we used the ALFF/fALFF analysis based on rs-fMRI to examine neural activity changes after noise exposure. As shown in Table 5 and Figure 3 , significantly lower ALFF signals were found in the left hippocampus, thalamus and the superior temporal gyrus, and significantly lower fALFF signals were observed in left middle temporal gyrus and left superior frontal gyrus, by which we confirmed that noise causes disrupted local neural activity in these regions, exactly. What's more, our analysis also showed significantly increased ALFF signals in the postcentral gyrus (Brodmann area 6, 22, 42, 43) and posterior cerebellum lobe. See details in Figure 3 and Table 5 .
Correlation between neurobehavioral performance and neuroimaging parameters
In order to understand the effects of aircraft noise exposure on brain structure and function, we conducted correlation analyses between the performance of working memory tests and the corresponding GMV and ReHo of brain regions with significant differences between the two groups. As a result, the GMV of left hippocampus showed significantly positive associations with the DVIM accuracy ( Figure 4A , p = 0.0278, r = 0.3122), while the ReHo of left hippocampus were Numbers of correct responses positively associated with DVBM accuracy ( Figure  4B , p = 0.0016, r = 0.434) and DVIM accuracy ( Figure  4C , p = 0.0036, r = 0.4046), respectively. What's more, as for the DVIM accuracy, we also found that it negatively associated with ReHo of the right superior frontal gyrus ( Figure 4D , p = 0.0178, r = -0.3362) and
the left amygdala ( Figure 4E , p = 0.0444, r = -0.2862), respectively.
Discussion
Considering that the principal confounding factors were excluded from the study and that pilots and controls investigated were matched by age, working life and education status, the above-mentioned results suggest that exposure to aircraft noise in military pilots may lead to working memory impairment as well as brain structural and functional alteration.
In this study, we found that the DVBM and DVIM accuracies of military pilots were significantly lower than those of control military officers, indicating that long-term aircraft noise exposure may cast a detrimental influence upon the working memory of humans. This result is consistent with earlier studies corroborating that noise exposure leads to memory impairment for both humans and non-human animals. Kempen et al. demonstrated that children attending schools with higher road or aircraft noise levels made significantly more errors in switching attention tests and digit memory span tests (24) . Similarly, Loganathan et al. found an adverse effect of noise exposure on working memory in rodents exposed to simulated noise (25) . Interestingly, significant differences between the two groups were only found in DVBM\DVIM tests rather than IVBM/IVIM tests. According to earlier studies, in the Munich Airport Study, Evans et al. found that children from noise exposed communities had more errors on a difficult subscale of German standardized reading tests than children from quiet communities; while the two groups did not differ on easy and intermediate portions of the test (26) . Considering that DVBM\DVIM tests were more difficult than IVBM/ IVIM, it can be concluded that performance on complex memory tasks is more susceptible to the effects of noise than performance on simple tasks.
By resting functional imaging analysis, we found decreased GMV, ReHo and ALFF in left hippocampi, indicating potential neuron loss and disrupted local functionality in these brain regions. Hippocampus is a medial temporal lobe structure which plays an important role in working memory (27) . Adult hippocampal neurons are balanced by three main cellular events: cell proliferation, neuronal differentiation, and cell survival (28) . According to previous studies, chronic hyperactivity of HPA-axis induced by noise stress can elevate the hippocampal corticosteroid receptors, lead to reduced hippocampal neurogenesis, cell proliferation, and impaired spatial memory in rodents (29, 30) . Besides, long-lasting elevated corticosterone levels also lead to increased apoptosis in the dentate gyrus of hippocampus, which has been shown in mice exposed to noise (31) . Thus, we posit that neuron loss in hippocampi may be caused by reduced neurogenesis and proliferation as well as elevated cellular apoptosis under stress. Furthermore, noise exposure leads to abnormal synaptic plasticity in the structure and function of the hippocampus, temporal lobe, and amygdala. Noise also increases norepinephrine/noradrenaline (NE) and dopamine (DA) levels in hippocampus, while decreases serotonin 5 hydroxyindoleacetic acid (serotonin 5-HT) level (32) . We inferred these alterations of synaptic plasticity and neurotransmitters may be contributing to the neural dysfunctionality in hippocampi we found in this study and lead to impaired learning and memory behavior.
The hippocampus is part of the limbic system, and plays important roles in the consolidation of information from short-term memory to long-term memory, and in spatial memory that enables navigation (27) . Neuron loss in hippocampus leads to memory impairment in aging and various neuropsychological disorders. For instance, previous VBM studies indicated that atrophy and neuron loss in hippocampus can significantly predict memory recall & storage performances in behavioral frontotemporal dementia, which is in accordance with our findings (33) . Furthermore, similar to our results, decreased ReHo and ALFF in hippocampus were also observed in mild cognitive impairment patients compared to normal controls, which lead to increased errors in spatially-related memory tasks (34) . Taken together, the structural and functional abnormalities noted in hippocampus in this study may be the key to working impairment under long-term aircraft noise exposure, which was further corroborated by the significant positive correlations between the DVBM\ DVIM accuracies and the ReHo in the left hippocampus.
In this study, by resting functional imaging analysis, reduced neural activities were also found in left amygdala, left thalamus, left superior temporal gyrus and right superior/middle frontal gyrus. Amygdala, hippocampus, and frontal cortex are essential components of the neural circuitry mediating stress responses. The amygdala provides a primary association between subcortical areas, which are responsible for producing fear, and cerebral cortical areas receiving sensory information about the external environment (35) . There is evidence of noise stress induced activation of the HPA-axis, amygdala, and other brain circuits and in producing abnormalities in timid and emotional or anxiety-like behaviors (36) . Herein, we inferred that the functional alteration in these regions may be the result of HPA-axis hyperactivity.
In the meantime, we also found that the GMV of the left caudate body significantly increased in the exposure group. The basal ganglia have traditionally been viewed as motor processing nuclei; however, functional neuroimaging evidence has implicated these structures in more complex cognitive and affective processes that are fundamental for a range of human activities (37) . In our analysis, however, the left caudate body GMV change did not correlate with the working memory score, suggesting that it may not function on working memory in cognitive function. Further research will discuss the possible relation of basal ganglia with other motor or cognitive function.
Interestingly, we found more noise induced neuron loss and neural dysfunction in left cerebrum, in comparison with the right side. Brain damage would be more likely to affect the left hemisphere in both childhood or adulthood, including epilepsy and stroke. According to radiological studies, there would be a biological basis for the higher vulnerability of the left hemisphere. The main pathogenetic factor seems to be a hemodynamic one, responsible for insufficient blood supply to the left hemisphere (38) . The left hemisphere is also more vulnerable to traumatic stress and environmental stress. For example, Zhang et al. reported decreased GMV in the left hemisphere in flood disaster survivors with recent onset posttraumatic stress disorder (39), while Chen et al. observed both neuron loss and disrupted neural activities in the left hemisphere (rather than right hemisphere) after chronic hypoxia exposure (10) , which is consistent with our results. We inferred that detrimental noise exposure may induce hemodynamic changes in the left hemisphere, and thus make it more vulnerable to the structural and functional abnormality.
Some limitations of the study must be recognized. First, like other population studies on noise stress, the neurobehavioral and neuroimaging findings in this study may be influenced by individual factors, everchanging environments and co-exposure to other environmental pollutants or toxicants. To solve this problem, the potential confounding factors like age, work life and education status have been matched in the two groups. Besides, the subjects in exposure and control group were all enrolled from air force units and their education and work experience were quite similar to each other. A further study should be conducted to reveal the dose-effect relationship between the neurobehavioral impairment and neuroimaging abnormality. Second, the sample size of this study is relatively small, which should be expanded in future studies.
In conclusion, the current study demonstrates that long-term aircraft noise may lead to working memory impairment in jet fighter pilots. The hippocampus and other cognition region displayed both neuron loss and reduced local neural activities under chronic noise stress, which were further proved to be associated with neurobehavioral performance. Taken together, the detrimental impact of aircraft noise exposure on cognition should be considered in health maintenance of military pilots. A dysfunctional hippocampus may serve as structural and functional bases for neuropsychological impairment under exposure.
